The issue of how to realize the coordinated development of various elements in human-land systems, or, in other words, how to achieve the coordinated development of population-economy-society-resource-environment (PESRE) systems, has become an important topic, which has received global attention. This study takes 31 provinces in China as the research objects, and carries out the research on the spatial-temporal synthetic measurement of the coordinated development of PESRE systems. The conclusions are as follows. From 1995 to 2015, the process of change of coupling coordination degree of China's PESRE systems can be divided into two types: Rising first and then declining, and fluctuant continuously. The number of provinces of the first type was higher, and most provinces were on the verge of uncoordinated development status or in a weakly coordinated development status. The coupling degree of PESRE systems at the provincial level in China generally shows some positive spatial correlations, and the level of coordinated development displays some obvious spatial aggregation patterns. Moreover, the degree of such aggregation first increases and then weakens. The eastern parts of China represent the main "high-high" type aggregation regions. The central and western parts of China represent the main "low-low" types, account for the largest proportion, and display obvious aggregation characteristics.
Introduction
Since the start of the Industrial Revolution in the 18th century, mankind has made some amazing achievements in transforming nature and promoting economic development. However, rapid global economic growth has also put tremendous pressure on the resource environment [1] . As economic and social development continues, environmental issues and problems keep emerging. In this context, the world's limited natural resources are in danger of being depleted due to overexploitation, and the deteriorating environment could significantly reduce ecosystem functions and services. The conflicts of various elements in human-land systems are becoming more prominent, and the effects of negative feedback are accumulating [2] . Therefore, the issue of how to realize the coordinated development of various elements in human-land systems, or, in other words, how to achieve the Sustainability 2019, 11, 2877 3 of 18 of these indexes [22] [23] [24] . Consequently, a large number of studies have been carried out, and different countries, regions, research institutions, and scholars have proposed and developed their own index systems. For example, the United Nations Commission on Sustainable Development (CSD) has developed a set of index systems that can be applied worldwide, which include 134 indexes that belong to four dimensions; namely, social, economic, environmental, and institutional dimensions [25] . The European Parliament proposed the index systems for European regions, which is based on 42 structural indexes [26] . Additionally, the United Kingdom, Germany, the United States, and several other European and American countries have also proposed their own index systems [27] [28] [29] . From an international perspective, how to establish a feasible measurement model and index system for the assessment of the coordinated development degree, and how to decide whether human activities have promoted the realization of the coordinated development of regional PESRE systems, are some of the main and most important topics for the current research on coordinated development.
Since the mid-1980s, research on the coordinated development of China's PESRE systems has begun to track the trend of international research [30] . Mao [3] first proposed the theory of coordinated development of the population-resources-environment-development (PRED) system in 1991, and provided the main criteria for deciding whether the regional PRED system is developed in a coordinated manner. At present, research on the coordinated development of China's PESRE systems is generally consistent with the global trends, with the quantitative measures of coordinated development as the primary focus. Specifically, the main research areas include the establishment of measurement models and index systems from both theoretical and practical aspects. The theoretical work mainly focuses on the revision of relevant theoretical models, the development of the design evaluation systems, and the widening of the research scope. Furthermore, the development of index systems for assessing the coordinated development degree [31, 32] , the theoretical analysis of the coordinated development of the PRED system [33, 34] , and the evaluation and discrimination methods of coordinated development are all major research topics [35, 36] . Practical research includes the testing the coordinated development levels of local PRED systems [37, 38] , and the evolution of regional coordination development through time [39, 40] . There are some similarities between the coordinated development analysis used in this paper and other methods of measuring sustainable development. For example, sustainable wellbeing index (SWI) covers three aspects which are economy, nature, and society; ecological footprint (EF) includes the consumption of resources and the quantity of land and water; and the human sustainable development index (HSDI) also includes three aspects which are economy, society, and environment [14, 41] . The coordinated development analysis of this paper also includes these aspects, and furthermore, we can find out whether the development of each subsystem is harmonious or not, and which subsystem needs to be improved by the analysis of coordinated development.
Most of the current research is conducted along the dimension of either time or space. Additionally, a larger number of studies are conducted along the temporal dimension than along the spatial dimension. Moreover, synthetic measurements that considers spatial-temporal dimensions, especially synthetic measurement studies that apply geographic information systems (GIS) technology and test the evolution patterns and characteristics of coordinated development along spatial-temporal dimensions, are very limited. This study aims to make up for such a gap in the extant research.
Our study takes 31 provinces (municipalities and autonomous regions) in China as the research objects, establishes measurement models and index systems based on GIS technology and a range of quantitative analysis methods, and carries out the research on the spatial-temporal synthetic measurement of the coordinated development of PESRE systems by these models and methods. On the one hand, this research supplements and improves current studies on the human-land relationship from both theoretical and empirical perspectives, and can help enrich the theoretical content of human geography with a strong theoretical significance. On the other hand, it can provide theoretical support and a decision-making basis for China's coordinated development within human-land systems and for the country's development in a sustainable manner. Therefore, our study also has a strong practical significance.
Research Methods and Collected Data

Research Index and Data
The Index System and Data Sources
Due to the ambiguity of sustainable development, the plurality of purpose in characterizing and measuring sustainable development, and the confusion of terminology, data, and methods of measurement, there are no indicator sets that are universally accepted, and different regions, countries, and organizations have formulated their own indicators to evaluate it, as well as some scholars having conducted research and evaluation on these indicators [42] . Based on the findings of the existing research [43] [44] [45] , with a full consideration of the characteristics of China's actual development, and following the principles of comprehensiveness, effectiveness, systematicity, representativeness, independence, and accessibility, and a more comprehensive evaluation index system was established, which could reflect the coordinated development level of China's population, economy, society, natural resources, and environmental systems. In this paper, the indicators were obtained by integrating the indicators in existing literature achievements which did not fully involve the five aspects of population, economy, society, resources, and environment. The indicators including all five subsystems were also established, which are more comprehensive.
The coordinated development evaluation index system includes five systems which are population, economy, society, resources, and environment. There were nine indexes selected in population system, based on population size, structure, and quality. There were eight indexes selected in economy system, based on economic size, structure, and benefit. There were 11 indexes selected in society system, based on people's quality of life and social development level. There were 8 indexes selected in resources system, based on resource conditions and resource utilization. There were 14 indexes selected in environment system, based on environmental pollution, environment protection and management, and ecological environment construction (Table 1) .
Relevant data from the years 1995, 2000, 2005, 2010, and 2015 were selected for the present study. The data were obtained from the China Statistical Yearbook, China Environmental Statistics Yearbook, Statistical Collection of Sixty Years of New China, and statistical yearbooks of provinces, municipalities, and autonomous regions, statistical bulletins for national economic and social development, and environmental quality bulletins [46] [47] [48] . The original data are listed in the Supplementary Materials. To ensure data quality and reduce unnecessary variation, the original data need to be standardized, with the calculation formula as References [40, 49] :
Negative index :
where r ij represents the standardized value of x ij ; x ij represents the actual value of the i th index in j th research area; and x max and x min refer to the maximum and minimum value of the same index at different times, respectively.
The Coupling Coordination Degree Measurement
Coupling Coordination Models
Coupling coordination models were introduced following the basic steps shown below [50] :
Calculate the comprehensive evaluation index of each subsystem using the following formula:
where µ i is the weighted value of the i th index; r ij is the standardized value of the i th index within the j th research area; m is the number of index in subsystem; and U g is the synthetic assessment index of the g th subsystem. 2) Calculate the coupling degree of the five major systems, namely, population, economy, society, resources, and environment systems using the following formula:
where C is the coupling degree, with its value in the range of 0 and 1; and M, N, X, Y, and Z represent the synthetic assessment index of the population, economy, society, resources, and environment subsystems, respectively. 3) Calculate the coupling coordination degree in order to evaluate the level of the coupling coordinated development between systems using the following formula:
where D is the coupling coordination degree; T is the synthetic assessment index of the five systems; and a, b, c, d, and e represent the undetermined coefficients. Given that the factors of population, economy, society, resources, and environment are equally important, and based on information provided by the relevant references [3, 31, 32] , the undetermined coefficients are defined as
According to the existing categorization methodology, the coupling coordination degree between systems is divided into five levels ( Table 2) : Uncoordinated development status, on the verge of uncoordinated development status, weakly coordinated development status, well-coordinated development status, and perfectly coordinated development status [51] . The analytic hierarchy process (AHP) method based on subjective weighting and the entropy method based on objective weighting are combined in this paper, in order to improve the accuracy of weight determination and credibility of evaluation results.
Firstly, the weight of evaluation index, λ i , based on AHP is obtained using the software named yaahp10.5. This method establishes the index evaluation system with clear structure, compares the indexes of each layer between pairings, obtains the judgment matrix of the pairwise comparison of the indexes in each layer, and then carries out the consistency test. It can be thought that the λ i is reasonable if the consistency is passed.
Secondly, the weight of evaluation index, ω i , based on the entropy method is obtained. It can be calculated by the following formula:
where H i is information entropy of i th index; m is the number of indices; n is the number of research areas. In this formula, f ij = r ij / n j=1 r ij , k = 1/ ln n, and if f ij = 0, f ij ln f ij = 0. Furthermore, the entropy weight of i th index is as follows:
Finally, combining the λ i obtained using the AHP method and the ω i obtained using the entropy method, the synthetic weighted value of the i th index can be obtained [52] :
Spatial Autocorrelation Analysis Models
The Global Moran's I
The global Moran's I is a measure of global spatial autocorrelation. The formula is as follows [53] :
2 ; n is the number of evaluation objects; x i and x j are the attribute values of the evaluation objects i and j, respectively; and w ij is the spatial weight matrix. When i and j are close to one another, w ij = 1. Otherwise, w ij = 0. The local Moran's I is a measure of local spatial autocorrelation. The formula is as follows [54, 55] :
where
2 ; n is the number of evaluation objects; x i and x j are the attribute values of the evaluation objects i and j, respectively; and w ij is the spatial weight matrix. When i and j are close to one another, w ij = 1. Otherwise, w ij = 0. According to the calculation results, four spatial correlation types can be categorized; namely, the high-high (H-H) type, low-high (L-H) type, high-low (H-L) type, and low-low (L-L) type. Among these four types, H-H and L-L represent the types with a positive spatial autocorrelation, and L-H and H-L represent the types with a negative spatial autocorrelation.
Results and Discussion
The Analysis of the Coupling Coordinated Development
Based on the results of comprehensive evaluation index of each subsystem, it is showed that the comprehensive evaluation index of environmental subsystem is the highest, and the comprehensive evaluation index of resource subsystem is the lowest as a whole. And clearly, the comprehensive evaluation indices of economy, society, and environment subsystems in most provinces are decreasing from 2010 to 2015. On the contrary, the comprehensive evaluation index of population subsystem in most provinces is rising. The results of comprehensive evaluation of the subsystems are listed in the Supplementary Materials.
The coupling coordination degree of China's PESRE systems generally shows a trend of rising first and then declining. Most regions are in line with this trend, but in which year the falling begins is not always the same. And a small number of provinces show a trend of fluctuation (Table 3) . By analyzing the trend of coupling coordination degree in each province for nearly 20 years, it can be roughly divided into the following types. world in 2008. As the development of resources and environmental systems were basically stable and rising unsteadily for nearly 20 years, the financial crisis led to a decline in the level of development of China's overall economic system. Although there was a brief recovery, the government began to implement a slowing economic policy overall, which made the level of social system development to have a large-scale decline in the same period. Contrarily, the level of population system development in this period had a marked increase. All of these reasons led to the coupling coordination degrees of PESRE system of various regions in China to have significant decline around 2010. All the provinces studied are classified according to the classification criteria of the coupling coordination degree (Figure 2 ). The following points can be made. When the number of provinces with different levels of coordinated development was compared, it can be seen that between 1995 and 2015, the number of provinces that were either in uncoordinated development status or on the verge of uncoordinated development status firstly decreased and then increased. By contrast, the number of provinces that were either in a weakly or well-coordinated development status first increased and then decreased. Overall, the level of coordinated development of the five major systems across China's provinces has been gradually improving in a benign development direction. However, a backlash during the development process is possible, which has been particularly obvious in recent years.
When the geographical locations of provinces with different levels of coordinated development were analyzed, it can be seen that provinces that were either in uncoordinated development status or on the verge of uncoordinated development status were mainly distributed in the central and western regions of China, whereas provinces that were either in a weakly or well-coordinated development status were mainly distributed in the eastern and northern regions of China. Therefore, a preliminary conclusion might be made that certain spatial connections exist between China's five major systems as far as their coordinated development is concerned. However, the exact model that can help explain such connections needs further verification, and a spatial correlation analysis can be used to identify such connections.
In recent years, other scholars have also conducted similar studies. For example, Hong et al. [56] quantitatively assessed the coordinated development level of resource-environment-economy-society systems of six provinces in central China, and their findings were similar to ours. They believed that Hubei, Hunan, and Henan provinces were basically in a coordinated development status, whereas Jiangxi, Shanxi, and Anhui were in a less-coordinated development status. Ren et al. [57] analyzed the coupling coordinated relationships and spatial patterns between China's economic, social, and environmental systems, and obtained similar results. They believed that the eastern coastal regions of China were in a coordinated development status, the northwestern, northeast, and central regions were in a weakly coordinated development status, and a few southern regions were in a mildly uncoordinated development status. Furthermore, Aiyetan and Olomola [18] studied the relationship between carbon dioxide emissions, energy consumption, population growth, and economic growth in Nigeria, and confirmed the validity of the environmental Kuznets curve hypothesis. Xie et al. [58] quantitatively evaluated the level of coordinated development of resource, environment, ecology, economic, and social subsystems of China's 31 provinces in 2013, and obtained similar results with this paper. They found that the coordinated development provinces are mainly concentrated in the eastern coastal areas of China, while the central and western regions are low-coordinated and uncoordinated development provinces. All the provinces studied are classified according to the classification criteria of the coupling coordination degree (Figure 2) . The following points can be made. relationship between carbon dioxide emissions, energy consumption, population growth, and economic growth in Nigeria, and confirmed the validity of the environmental Kuznets curve hypothesis. Xie et al. [58] quantitatively evaluated the level of coordinated development of resource, environment, ecology, economic, and social subsystems of China's 31 provinces in 2013, and obtained similar results with this paper. They found that the coordinated development provinces are mainly concentrated in the eastern coastal areas of China, while the central and western regions are lowcoordinated and uncoordinated development provinces. 
Spatial Autocorrelation Analysis
Global Spatial Autocorrelation
The global Moran's I of the coupling coordination degree over the years was calculated, with the results shown in Table 4 . The z-test values over the years were greater than the testing threshold value of 1.96, and the results were statistically significant (p < 0.05). It can be seen that for each province, the coupling coordinated degree of the five major systems showed signs of a positive spatial autocorrelation, and certain spatial aggregation characteristics could be found on the provincial scale. In other words, the coupling coordinated degree is not randomly distributed, but rather, spatial aggregation characteristics were noticeable. Specifically, provinces with a higher coupling coordination degree tended to be adjacent to each other, whereas provinces with a lower coupling coordination degree were closer to each other. Judged from the trend of the global Moran's I, the spatial autocorrelation first increased and then decreased, suggesting that provinces with either the highest or lowest coupling coordination degree first display a strengthening trend, followed by a weakening trend. 
Local Spatial Autocorrelation
In this study, the representative years were selected, and a local spatial autocorrelation analysis of the coupling coordination degree was conducted. The local Moran's I was statistically significant (p < 0.05). It can be seen from Figure 3 that the coupling coordination degree of various provinces in China displayed obvious spatial aggregation characteristics, including a strong spatial dependence and spatial heterogeneity. In 1995 In , 2000 In , 2005 , and 2015, provinces characterized as "high-high" or "low-low" types were dominant, for which the count for the "high-high" type was 8, 7, 9, 9, and 7, respectively, and the count for the "low-low" type was 16, 15, 16, 16 , and 14, respectively. Provinces characterized as "low-low" types displayed obvious aggregation characteristics. By contrast, the number of provinces characterized either as "low-high" or "high-low" types was relatively small, for which the count for the "low-high" type was 1, 3, 2, 1, and 2, respectively, and the count for the "high-low" type was 6, 6, 4, 5, and 8, respectively. Moreover, the number of provinces characterized as "high-low" types was slightly higher.
(1) Regions characterized as "high-high" types are mostly distributed in eastern China, and these provinces are closer to each other, forming connected regions with relatively high levels of coordinated development. Most of these provinces are areas with flourishing economic, good social development, and superior geographical position. The narrowing of the number of these provinces mainly appears in the northeast regions, which is related to the economic weakness and population loss. (2) Regions characterized as "low-low" types are mainly distributed in the central and western regions of China, forming a continuous distribution. These provinces account for the largest proportion, such as Gansu, Qinghai, and Ningxia, suggesting that there are still many provinces with relatively low levels of coordinated development between the five major systems. Moreover, these provinces displayed obvious spatial aggregation characteristics. Most of these provinces are areas with moderate or lower levels of economic and social development, and complex ecological environment. The narrowing of the number of these provinces mainly appears in more resource-rich areas such as Inner Mongolia, Ningxia, and Tibet. (3) Regions characterized as "low-high" types are small in number and distributed in a scattering manner. The coordinated development level of such provinces is relatively weak, and they are often surrounded by provinces with higher coordinated development levels, especially around regions known as "high-high" types. Although they are close to regions with high levels of coordinated development, any positive radiation effects are limited. For example, although Hebei is close to Beijing and Tianjin, these two cities do not impose much of a positive impact on Hebei. (4) Regions characterized as "high-low" types increase gradually in number, and they are often close to regions characterized as "low-low" types. Although these provinces have relatively high levels of coordinated development, they do not act as a motivator for the development of neighboring provinces. On the contrary, these provinces often attract a large number of resources from regions characterized as "low-low" types, and thus further extend the gaps with surrounding regions, such as Guangdong, Chongqing, Xinjiang, Inner Mongolia, and Shanxi. The formation of "low-high" type and "high-low" type are related to the strength of radiation in the high coordination areas and the strength of the low coordination areas' self-development ability. The "high-low" type provinces are mainly Guangdong, Chongqing, and Xinjiang. These provinces are developing rapidly in both economic and society systems, attracting a large number of talented people and have good conditions in technology, resources, and environment, and then, there will be a clear gap between these provinces and the surrounding areas. It can be seen that the coupling coordinated degree of China's provinces displays obvious spatial aggregation patterns, characterized by the transition from high-value clusters in eastern regions towards low-value clusters in western regions. Clearly, geological locations have an important impact on the degree of coupling coordinated development.
In recent years, other scholars have also conducted related studies, although the numbers are still very limited. For example, Peng et al. [59] applied an exploratory spatial data analysis (ESDA), and found that the overall development capacity of 280 cities in China showed a positive spatial autocorrelation, although the correlation gradually weakened, and these findings are consistent with ours. Jiang et al. [60] used the spatial autocorrelation method to analyze the coupling coordinated development of China's provinces in terms of economic development, resource endowment and ecological environment, and found that the coupling degree displayed some obvious spatial aggregation patterns, which was also consistent with our findings. Based on the spatial analysis method, Shaker and Sirodoev [61] discovered that the coordinated development of Moldova's economy, society, and environment also showed some obvious spatial aggregation patterns. Wei et al.
[62] evaluated the coordination degree of 31 provinces in China from 2005 to 2015 in terms of economic, political, cultural, social, and ecological aspects quantitatively. They found that the coordination degree positively presented space correlation. The eastern coastal areas were "high-high" type and the western regions were "low-low" type, and the scope of these two types had significant shrinkage as time went on. The "low-high" type was mainly located in the central regions, and the number increased. The "high-low" type was only Guangdong in 2005 and Chongqing in 2015. Compared with the results of this study, the changes in the number of "high-high" and "low-low" type are more consistent. coordination degree positively presented space correlation. The eastern coastal areas were "highhigh" type and the western regions were "low-low" type, and the scope of these two types had significant shrinkage as time went on. The "low-high" type was mainly located in the central regions, and the number increased. The "high-low" type was only Guangdong in 2005 and Chongqing in 2015. Compared with the results of this study, the changes in the number of "high-high" and "lowlow" type are more consistent. 
Conclusions
From 1995 to 2015, the change of coupling coordination degree of China's PESRE system can be divided into two types: Rising first and then declining, and fluctuant continuously. The number of provinces of first type was higher, but in which year the falling begins was not always the same. On the whole, there was a very obvious decrease after 2010 except Beijing and Tibet. Overall, provinces that are either in uncoordinated development status or on the verge of uncoordinated development status are mainly distributed in the central and western regions of China, whereas provinces that are either in a weakly or well-coordinated development status are mainly distributed in the eastern and northern regions of China. Most provinces fall into two categories, namely, on the verge of uncoordinated development status or in a weakly coordinated development status. And unfortunately, there is no province in a perfectly coordinated development status between 1995 and 2015.
The coupling degree of PESRE systems at the provincial level in China generally shows some positive spatial correlations, and the level of coordinated development displays some obvious spatial aggregation patterns. Moreover, the degree of such aggregation first increases and then weakens. Provinces characterized as "high-high" or "low-low" types are dominant, and provinces characterized as "low-low" types display strong aggregation patterns. Provinces characterized as "low-high" or "high-low" types are small in number. The eastern parts of China represent the main "high-high" type aggregation regions, forming connected regions with relatively high levels of coordinated development. By contrast, the central and western parts of China represent the main "low-low" types, and account for the largest proportion and display obvious aggregation characteristics. Therefore, for most provinces in China, the coordinated development degree of the five major systems remains low, and further improvement is urgently needed.
In order to further improve the level of the coordinated development between systems (PESRE), as population, economic, and social development is further improved, it is necessary to pay equal attention to the conservation and utilization of natural resources, as well as the protection and management of the natural environment. Specifically, although one of the main tasks for eastern regions is to maintain their high economic growth, they should also strive to promote the level of coordinated development of surrounding areas, and to improve the integration efficiency of resources, elements, and space. The more-developed central regions should fully emphasize the important role of the economic system in supporting the social and environmental systems, improve public services and facilities, increase environmental protection and management, optimize industrial structures, and promote scientific and technological innovations. By contrast, the less developed central and western regions should not only focus on economic development but also pay special attention to resource conservation and environmental protection. By doing so, the long-term cost of economic development could be reduced, social services and population quality could be improved, talent could be attracted, and funds could be secured.
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